The concept of an immunological synapse goes back to the early 1980s with the discovery of the relationship between T-cell antigen receptor mediated Ca 2þ signaling, adhesion, and directed secretion. However, this concept did not gain traction until images were published starting in 1998 that revealed a specific molecular pattern in the interface between T cells and model antigen-presenting cells or supported planar bilayers. The dominant pattern, a ring of adhesion molecules surrounding a central cluster of antigen receptors, was observed in both model systems. Analysis of the origins of this pattern over the past 10 years has presented a solution for a difficult problem in lymphocyte biology-how a highly motile cell can suddenly stop when it encounters a signal delivered by just a few antigenic ligands on the surface of another cell without disabling the sensory machinery of the motile cell. The T lymphocyte actively assembles the immunological synapse pattern following a modular design with roots in actin-myosin-based motility.
T he immune system provides an outstanding model for study of both dynamic and stable cell -cell adhesion Lawrence and Springer 1991; Miller et al. 2002; Mempel et al. 2004) . Early studies on molecules important for the function of cytotoxic lymphocytes, cells that kill virally infected cells and contribute to destruction of transplanted organs and tumors, identified two families of adhesion molecules (Davignon et al. 1981) (Fig. 1 ). Monoclonal antibodies that blocked the activity of cytotoxic lymphocytes identified an integrin, still widely referred to as LFA-1, and two immunoglobulin superfamily members, LFA-2 and LFA-3, now known more commonly as CD2 and CD58, respectively (Sanchez-Madrid et al. 1982) . CD2 and CD58 were defined as a receptor ligand pair making it the first clearly defined heterophilic cell -cell adhesion system (Dustin et al. 1987a; Selvaraj et al. 1987) . The identification of a ligand for LFA-1, ICAM-1, revealed that it too was a transmembrane member of the immunoglobulin superfamily providing a mechanism for involvement of integrins in cell-cell junction formation (Marlin and Springer 1987) . These studies were contemporaneous with evidence for adhesion via direct ligand binding as a mechanism of matrix binding integrins, and homophilic interactions of NCAM and cadherins (Rutishauser et al. 1982; Peyrieras et al. 1983; Gardner and Hynes 1985; Horwitz et al. 1985; Pytela et al. 1985; Wright and Meyer 1985; Cunningham et al. 1987; Nagafuchi et al. 1987) . In some respects, the complexity of the role of oligosaccharides in NCAM-mediated adhesion and studying homophilic systems has resulted in clearer results coming from the heterophilic immune cell adhesion systems in the early to mid 1980s. It was speculated that the CD2 -CD58 interaction might have evolved from an ancestral homophilic system like NCAM and subsequently it has been determined that CD58 is located in a rapidly evolving gene cluster including several important homophilic adhesion molecules on chromosome 1 (Wong et al. 1990 ). The number of receptor ligand interactions that are involved in immune cell interactions has grown significantly since these early studies, but the LFA-1/ ICAM-1 and CD2 family interactions still appear to be major contributors in cell adhesion in many functional settings. In this article, I review the role of LFA-1/ICAM-1, CD2/ CD58, and CD2 family homophilic adhesion molecules, like SLAM, in immune cell interactions. I describe the supported planar bilayer model in some detail because this has played an important role in the characterization of immune-cell adhesion systems, but also discuss recent studies using in vivo imaging that have also provided insight into the unique demands of in situ immune-cell interactions leading to specific molecular requirements.
DISCOVERY OF ADHESION RECEPTORS IN THE IMMUNE SYSTEM
An antigen is any chemical structure that can be recognized by the immune system (Lindenmann 1984) . The adaptive immune system uses two types of cells to produce distinct types of antigen receptors. B cells recognize a wide variety of chemical structures from small molecules to conformation-sensitive determinants of biological macromolecules. B cells secrete copious amounts of these receptors, as antibodies, making them highly available biochemically such that their activity was discovered around 1900 and the molecule had been purified and sequenced by the 1960s. T cells were known to be important for protection against viruses and intracellular bacterial infections, and also provided help for B-cell responses, but the T-cell antigen receptor, which is not produced in an abundant secreted form, was more elusive. The focus of T-cell biology in the early 1980s was to discover this antigen receptor, which binds a ligand composed of antigen fragments bound to self major histocompatibility complex (MHC) molecules (Trombetta and Mellman 2005) . Monoclonal antibodies were generated after immunization of mice with T cells and thousands were screened for ability to inhibit Figure 1 . Cytotoxic T lymphocyte (CTL) life cycle. Naïve cells hunt for evidence of infection on the surface of self dendritic cells in lymphoid tissue. One antigen, if found on the primary immunological synapse, leads to activation, proliferation, and development of a CTL. This CTL exits the lymph node and uses the blood to reach a tissue. In the tissue, the CTL migrates to find its target and then uses a secondary synapse to kill the target.
function one at a time. The Allison and Kappler and Marrack groups used monoclonal T cells as immunogens and testers to produce blocking antibodies to the T-cell receptor (McIntyre and Allison 1983; White et al. 1983) . When polyclonal T cells were used, the major functionblocking antibodies were not against the antigen receptor, because a polyclonal population contains many different structurally distinct antigen receptors, but were against adhesion molecules that are invariant and required for killing. Sanchez-Madrid and Springer produced the most complete panel, which included antibodies to LFA-1, CD2, and CD58, mentioned above (Sanchez-Madrid et al. 1982) . By 1984, it was shown that these antibodies inhibited function by blocking adhesion (conjugate formation between CTLs and target cells), and evidence was generated by 1986 that CD2 and CD58 were a receptor ligand pair, as mentioned above (Krensky et al. 1984; Shaw et al. 1986 ). Like NCAM, CD58 exists in transmemebrane and glycolipid-anchored splice variants (Dustin et al. 1987b ). In the rodent models, there is no CD58, but CD2 binds to the related glycolipid-anchored CD48 (Kato et al. 1992 ). Antibodies to LFA-1 ligands were not discovered in these screens because there are multiple ligands that all need to be blocked at the same time to prevent killing, but the mAb were only tested one at a time. The first LFA-1 ligand to be identified was the inflammationregulated protein ICAM-1, which was discovered through generation of monoclonal antibodies to cells from children lacking LFA-1 and related b2 integrins ). ICAM-2 was then identified from an endothelial-cell library by expression cloning (Dustin and Springer 1988; Staunton et al. 1989 ). ICAM-3 is expressed on leukocytes, ICAM-4 is expressed on red blood cells, and ICAM-5 is expressed in the nervous system. CD2-CD58 and LFA-1-ICAM are the major cell-cell adhesion systems for human T cells.
REGULATION OF LYMPHOCYTE ADHESION
There are two major paradigms for regulation of lymphocyte adhesion that are directly related to function: extravasation and immunological synapse formation. In both cases, the adhesion molecules are subjected to significant although very different forces. To transit from the blood to tissues, lymphocytes must interact with the vessel wall under flow, arrest motion with the blood flow, and polarize and crawl between or through endothelial cells (Springer 1995) . The cells then read tissue queues to drive cell migration. To communicate with antigenpresenting cells, the highly polarized migrating T cells must arrest migration and form a tight cell-cell junction for minutes to hours (Mempel et al. 2004 ). The specialized cell -cell junction that mediates this arrest and subsequent communication is referred to as an immunological synapse (Grakoui et al. 1999 ). The forces experienced by the extravasating cells are external forces of blood flow generating 200 pN forces on molecular interactions that are tethering cells, whereas the forces experienced by cells migrating in tissues or forming an immunological synapse are on the order of 2 pN, the force transmitted by the cytoskeletal adapter talin (Jiang et al. 2003; Alon and Dustin 2007) . Surprisingly, a single versatile adhesion molecule, LFA-1, dominates both processes.
LFA-1 functions as an adhesion molecule and is regulated by at least three mechanisms-changes in conformation driven by inside-out signaling, changes in organization secondary to increased lateral mobility, and force-dependent adhesion strengthening that is related to fluid shear. The LFA-1 ligand binding domain can exist in three conformations: a low affinity conformation with a Kd of approximately 1 mM, an intermediate affinity form with a Kd of approximately 10 mM, and a high affinity form with a Kd of approximately 100 nM (Shimaoka et al. 2003) . The intermediate affinity form is the likely substrate for regulation of LFA-1 through changes in lateral mobility and clustering, and the high affinity form may be achieved when LFA-1 is subjected to specific forces following intermediate affinity binding. This ability to shift to a higher affinity in response to force may give LFA-1 the appearance of a catch bond and allow it to operate under conditions that would undermine a fixed affinity adhesion system. Application of relatively low forces applied parallel to the membrane plane or greater forces applied perpendicular to the membrane may induce this high-affinity form (Zhu et al. 2008) . High-affinity LFA-1 interacts with ICAM-1 with a half-life of 30 s in solution, but likely has a much shorter half-life with application of forces from the cytoskeleton or from fluid shear. Thus, even when the highaffinity form is generated in physiological settings, the interactions may appear much more dynamic because the high-affinity form may only be generated under forces that will dramatically shorten the interaction compared with solution measurements. Keeping the halflife in the interaction in the subsecond range under all conditions, with strengthening of the interaction when under shear forces, is ideal for the situation in which the lymphocyte not only needs to arrest on the vessel wall, but also to migrate to endothelial cell junctions for extra-vasation.
LFA-1 displays regulated adhesive interactions in both extravasation and immunological synapse formation. Regulation of LFA-1-mediated adhesion was first documented using phorbol-ester stimulated aggregation of lymphoblasts, a simple in vitro model . In retrospect, the original descriptions of cell dynamics in phorbol-ester stimulated lymphocyte aggregates are remarkably similar to recent description of B lymphoblasts in germinal centers of lymph nodes (Allen et al. 2007; Schwickert et al. 2007 ). The aggregation assay was used to identify ICAM-1 as a ligand for LFA-1, and it was also determined that phorbol esters stimulated aggregation without altering expression levels of LFA-1 and ICAM-1 ). Live cell adhesion to surfaces coated with purified LFA-1 or ICAM-1 revealed that T cell receptor (TCR) signaling stimulated changes in LFA-1 activity through signaling processes-described as inside-out signaling .
The concept of inside-out signaling was extended to the extravasation process, but using chemokines as triggers for inside-out signaling to LFA-1 and other integrins to induce arrest of leukocytes undergoing selectinmediated rolling adhesion on the vessel wall (Lawrence and Springer 1991) . During extravasation, it has been argued by Alon and colleagues that LFA-1 is subject to very rapid activation that may reflect a preformed complex between LFA-1 and chemokine receptors (Shamri et al. 2005) .
The detailed mechanism by which insideout signaling operates is not known. TCR crosslinking initiates a tyrosine kinase cascade that activates the Rac GTP exchange factor (GEF) Vav and the Rap 1 GEF C3G (Krawczyk et al. 2002; Nolz et al. 2008) . Rap-1 activation of RIAM is thought be an important step in the recruitment of Vinclulin and Talin to nascent adhesion (Nolz et al. 2007 ). The activation of LFA-1 by inside-out signaling results in significant recruitment of the cytoskeletal adapter talin to the interface, consistent with Talin as an integrator (Tadokoro et al. 2003) . Talin is recruited to areas of LFA-1/ICAM-1 interaction whether this adhesion is triggered by acute TCR signaling or by cytokine and cell-cycle mediated activation (Somersalo et al. 2004; Smith et al. 2005) . Talin knockdown results in decreased LFA-1 mediated adhesion both in migrating lymphoblasts and in cells forming immunological synapses. Whether this also impacts adhesion under shear flow has not been determined.
Recently, it has been shown that the in vivo interaction of T cells and B cells, but not T cells and dendritic cells, depends on the small SH2 domain-only adapter protein SAP (Qi et al. 2008) . SAP is mutated in X-linked immunodeficiency, which is characterized by loss of T-cell dependent antibody production. SAP interacts with a subfamily of homophilic adhesion molecules, including SLAM, NTB-A, Ly9, and CD84. These interactions appear to be important for stable adhesion between T and B cells, but it is not clear if this is because of adhesive energy provided by the homophilic interactions or if they mediate a signal via SAP that enhances stability of LFA-1 dependent adhesion. SAP interacts with the phosphorylated cytoplasmic domain of SLAM, NTB-A, Ly9, and CD84, and with the Src family kinase Fyn via an unconventional interaction with its SH3 domain (Latour et al. 2003) . The immunological synapse formed by T and B cells in vivo is much more dynamic than the structure characterized in vitro in that the B cell remains highly motile and appears to drag the T cell (Okada et al. 2005) . Thus, B cells do not appear to experience a stop signal in this interaction. It is not clear whether the essential role of SAP and the associated adhesion systems is based on direct stabilization of adhesion by these interactions or if signaling through this pathway helps to stabilize other adhesion mechanisms.
DEFINING SYNAPSE
Synapse is a term derived from Greek that means "to fasten onto": As chromosomes fasten to each other during meiosis, synaptic boutons fasten onto dendritic spines or T lymphocytes fasten onto antigen-presenting cells. The concrete definition proposed in essentially all of these contexts is a stable junction that allows for a functional outcome-recombination, relaying electrical impulses, or mediating immune cell communication or function. "Stable" is a relative term with times lasting from minutes in meiosis, to hours or days for immune cells, and months to years for neural synapses. Thus, the immune cell synapses are considered stable relative to the highly dynamic behavior of lymphocytes in secondary lymphoid tissues where they migrate at up to 30 mm/min (Miller et al. 2002) . "Immunological synapse" was not used in a peer-reviewed publication until 1998, although it appeared in two speculative reviews published in 1984 and 1994 (Norcross 1984; Paul and Seder 1994) . The observations that gave this concept traction in 1998 were images from Kupfer of the interface between T cells and antigen-presenting cells that were fixed at different time points, bound with fluorescently tagged antibodies, and then visualized by deconvolution microscopy (Monks et al. 1998) . These images revealed a discrete central cluster of T-cell receptors surrounded by a ring of adhesion molecules on a supramolecular scale. Kupfer defined three supramolecular activation clusters (SMACs): central (cSMAC), perpheral ( pSMAC), and distal (dSMAC) (Fig. 2) (Monks et al. 1998; Freiberg et al. 2002) . The cSMAC contained TCR, peptide-MHC, and protein kinase C-u. The pSMAC contained LFA-1, talin, and ICAM-1. The dSMAC appeared enriched in CD45 (Johnson et al. 2000; Freiberg et al. 2002) , but this may be an optical artifact arising from two closely apposed plasma membranes in a sheetlike projection of lamellipodium, as we discuss in the following section. We observed similar segregation and organization of adhesion molecules in the interface between T cells and supported planar bilayers ( Fig. 3) containing purified ligands from the antigen-presenting cells and further linked this to control of cell polarity (Dustin et al. 1998) . We initially proposed a definition of immunological synapse as having a combination of a "specialized (adhesive) junction, cell polarization, and positional stability" (Dustin et al. 1998 These structures are normally in the interface between two cells, but can be modeled using a live T cell interacting with a supported planar bilayer. A kinapse is a mobile junction with the arrow reflecting the direction of motion. The leading edge is the lamellipodium, the wide region is the lamella or focal zone, and the trailing edge is the uropod. These zones are shaded over images showing the pattern of T-cell receptors.
Modular Design of Immunological Synapses and Kinapses
Cite this article as Cold Spring Harb Perspect Biol 2009;1:a002873 either through adhesion clamp or cytoskeletal polarity; and (4) directed secretion in response to signals from microdomains (Dustin and Colman 2002) . These criteria applied equally well to neural and immunological synapses. Immunological synapses are considered stable based on their remaining symmetric and within the same cell sized area for 20 -30 minutes (Grakoui et al. 1999; Sims et al. 2007 ). The immunological synapse defined by our studies is very similar to the SMAC defined in Kupfer's 3D analysis of T-cell-APC conjugates such that the SMACs are considered components of the immunological synapse (Fig. 4) . Parallel studies on T-cell interactions with dendritic cells in vitro observed highly dynamic interactions between T cells and dendritic cells or macrophages, particularly when the cells were embedded in collagen gels (Underhill et al. 1999; Gunzer et al. 2000) . These observations raised questions about whether the more stable cell -cell interactions were physiological. In the past 6 years the use of intravital microscopy to peer directly into living lymphoid tissues of mice revealed that both modes of interaction are observed in vivo. As mentioned previously, T cells are highly motile in secondary lymphoid tissues with average speeds between 10 and 15 mm/min and peak speeds of over 30 mm/min. The mechanism of propulsion is not fully understood. The speed of motility is only weakly dependent on integrins like LFA-1 and is more dependent on G i -protein coupled receptors that are sensitive to pertussis toxin. In vitro reconstitutions show that chemokines like CCL21, which bind to the receptor CCR7, can reconstitute strong T-cell polarization and rapid motility (Woolf et al. 2007 ). Thus, both polarity and sufficient traction can be generated by G protein coupled receptors (GPCRs). We have observed that this mode of adhesion involves very small contact areas with essentially no detectable area of contact observed by interference reflection microscopy. This suggests that the T cells are only contacting the surface through small projections that make contact below the diffraction limit (200-300 nm). Including ICAM-1 on the substrate along with CCL21 allows the formation of measurable contact areas on the order of 50 mm 2 in size (Huang and Dustin, unpublished observations). It is known that the LFA-1-ICAM-1 interaction increases T-cell sensitivity to antigen by 10-to 100-fold and this may correspond to the increase in contact area formed by T cells and APC, which is on the order of 10-to 100-fold (Schmits et al. 1996; Bachmann et al. 1997 ). These mobile scanning contact areas are the foundation of the kinapse-a moving junction that allows T cells to scan self and foreign MHC-peptide complexes and costimulatory ligands. Although the synapse is symmetric in the plane of the contact area, the kinapse is asymmetric and this is critical to control stopping and going. The asymmetric kinapse has a leading lamellipodium, an intermediate lamella, and a trailing uropod (Fig. 2) . Therefore the kinapse is an adhesion-dependent junction, like the synapse, but it is mobile rather than stable, and it is not an efficient platform for directed secretion.
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ELEMENTS OF THE IMMUNE CELL CYTOSKELETON
Like other motile cell types, immune cells possess and use the three major filament systems-actin thin filaments, vimentin intermediate filaments, and tubulin-based microtubules. The role of microtubules and the actin cytoskeleton in organizing conjugate formation has been appreciated since the early 1980s based on studies with natural killer (NK) cells and T lymphocytes. The interest in the intermediate filament system has focused on the manner in which circulating lymphocytes survive blood flow by building a vimentin cage that needs to be rapidly disassembled in response to chemokine signals to permit adhesion to the vessel wall and extravasation (Brown et al. 2001 ).
The microtubule system in lymphocytes is characterized by an astral organization with a central hub or microtubule organizing center (MTOC) collecting all of the minus ends and the plus ends extending through the thin cytoplasm around the nucleus toward the opposite pole of the cell. Early studies from Berke and Singer laboratories showed that the microtubule organizing center of CTLs and NK cells, respectively, docks to the synapse during cell mediated killing (Geiger et al. 1982; Kupfer et al. 1983 ). Kupfer and Singer extended these findings during the 1980s and 1990s to helper T cells, and developed the hypothesis that the MTOC brings with it the Golgi apparatus and a means for directed secretion of cytokines by helper T lymphocytes (Kupfer et al. 1986 ). More recently, it has been shown that although the Golgi is focused at the synapse with the
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Cite this article as Cold Spring Harb Perspect Biol 2009;1:a002873 MTOC, some proteins that transit the Golgi, like the cytokine IL-4, are released away from the synapse, whereas others like IFN-g are released toward the synapse (Huse et al. 2006 ). The polarity of release of cytolytic granules, on the other hand, is independent of the Golgi positioning and requires the direct docking of the MTOC through which the microtubules recruit the granules to the membrane to allow efficient release of granule contents into the synaptic cleft (Stinchcombe et al. 2006 ).
The actin system of lymphocytes is dominated by microvilli in circulating lymphocytes that are remodeled into an amoeboid organization during chemokine-mediated transit from blood to tissues (Nijhara et al. 2004 ). The amoeboid pattern is characterized by dynamic actin at the leading edge and a myosin II enriched uropod at the trailing edge. The MTOC remains behind the nucleus in the uropod. In the early 1980s, Carpen and Saksela showed a distinct polarization of F-actin to the synapse between NK cells and target cells (Carpen et al. 1983 ). Subsequently, Kupfer and Singer showed that talin, a protein identified as linking the extracellular matrix receptor complexes to F-actin, was also concentrated in the synapse in an antigen-dependent manner (Kupfer and Singer 1989) . The discovery that LFA-1 and the extracellular matrix families were both members of the same protein family, the integrins, solidified the appreciation of talin as a link between ICAM-1 on the antigen-presenting cell, LFA-1 and the T cells, and synaptic F-actin in the T-cell cytoskeleton. Because ICAM-1 is also cytoskeletally associated with ezrin/radixin/ moesin (ERM) family proteins in the antigen presenting cells, this system "integrates" the antigen presenting cell and T cell surfaces and cytoskeleton into a single supramolecular system-later defined by Kupfer as the pSMAC.
T cells also use the ERM system of proteins, but the exact manner and functional significance of these interactions in T cells has been controversial. T cells express ezrin and moesin. ERM proteins are important in formation of microvilli and the dephosphorylation of ERM proteins mediated by chemokine signals in circulating lymphocytes allows spreading and extravasation (Brown et al. 2003; Nijhara et al. 2004) . There is general agreement that moesin is excluded from the immunological synapse and moves either out of the synapse or to a distinct distal-pole complex where a number of signaling molecules are deposited during activation (Allenspach et al. 2001; Delon et al. 2001; Ilani et al. 2007; Shaffer et al. 2009 ). The general model is that moesin is constitutively active in linking F-actin to proteins like CD43. When T cells are activated, moesin is phosphorylated in a TCR and Vav-1 dependent manner and this causes its dissociation from membrane proteins. This dephosphorylation is partial and much moesin remains membrane associated outside the contact area. Ezrin dynamics are more complicated and it's agreed that it remains associated with the F-actin rich regions of the synapse, at least transiently (Allenspach et al. 2001; Ilani et al. 2007; Shaffer et al. 2009 ). Movement of CD43 to the uropod of migrating T cells, which is dependent on interaction with ERM proteins, assists disengagement of LFA-1 (Savage et al. 2002) . Global dephosphorylation of ERM proteins in the cell also appears to "relax" the cortex of the cell and allow spreading using dynamic F-actin (Faure et al. 2004 ). It has also been proposed that ezrin, which has an immunotyrosine activation motif-like (ITAM-like) sequence and lingers in the actin rich areas of the synapse, may be important for activation of ZAP-70 in the immunological synapse (Ilani et al. 2007) , although mouse T cells deficient in ezrin appeared to have normal ZAP-70 activation (Shaffer et al. 2009 ). In the later study, both ezrin and moesin contributed to T cell IL-2 production, although they displayed a different localization (Shaffer et al. 2009 ).
A highly dynamic F-actin network characterizes the lamellipodia of motile cells. Dynamic actin is composed of a mixture of branched F-actin nucleated by the Arp2/3 and linear actin bundles nucleated by formins. At least two pathways contribute to dynamic F-actin networks in T cells, the WAVE2 complex, which is controlled by Rac small G-proteins Nolz et al. 2006; Gomez et al. 2007) , and WASp, which is controlled by Cdc42 (Snapper et al. 1998; Cannon et al. 2001; Dupre et al. 2002; Sasahara et al. 2002; Labno et al. 2003) . T cells also express myosin IIA, which may contribute to the cortical tension of the F-actin network along with poorly characterized myosin I isoforms (Pierce et al. 2001; Jacobelli et al. 2004; Kim et al. 2006; Morin et al. 2008) . Lamellipodia undergo periodic extensions mediated by actin polymerization and retraction mediated by myosin II dependent contraction (Giannone et al. 2004; Giannone et al. 2007 ). The propagation of these contractile oscillations in lamellipodia represents a universal dynamic pattern in many motile cell types, including lymphocytes (Dobereiner et al. 2006 ). This appears to be a basic module from which both kinapses and synapses can be initiated.
MODULAR ASSEMBLY OF KINAPSES AND SYNAPSES
The lamellipodium functions as a sensory structure in T lymphocytes. The leading lamellipodium is several-fold more sensitive to antigen than other parts of a polarized T cell (Negulescu et al. 1996; Wei et al. 1999 ). These studies focused on the motile T cells or kinapse configuration. Immunological synapse formation also appeared to involve the extension of lamellipodial structures over the surface of the antigen-presenting cell (Grakoui et al. 1999; Dustin and Cooper 2000; Bunnell et al. 2001; Tskvitaria-Fuller et al. 2003) . In these studies, this phase of extension and contraction appeared to be a one-time event, taking place in the first minutes of interaction, which then set up a highly stable adhesive clamp in the cSMAC (Grakoui et al. 1999) . Two lines of experimentation shattered this perception. First, Varma applied TIRFM imaging to track TCR in the immunological synapse formed on supported planar bilayers with laterally mobile ligands and observed that the stable synapse contained within it a continual evolution of small TCR clusters in the periphery that streamed toward the center to sustain signaling (Fig. 5) (Varma et al. 2006 ). These TCR microclusters recruited a number of signaling molecules that were not recruited to the clamplike cSMAC, in which signaling appeared to be terminated (Campi et al. 2005; Yokosuka et al. 2005) . T-cell activation by immobilized anti-CD3 antibodies also incorporated dynamic elements, including singlemolecule movement of Src family kinase Lck between signaling foci (Douglass and Vale 2005) and signaling adapter SLP-76 -rich vesicles that underwent microtubule-directed centripetal motion (Bunnell et al. 2002; Barda-Saad et al. 2005; Barr et al. 2006) . TCR microcluster movement could be interrupted by inhibition of actin polymerization, but not by depolymerization of microtubules (Varma et al. 2006) . Static analysis of proteins involved in dynamic actin polymerization revealed the periphery of the immunological synapse was rich in Arp2/3, cofilin, and F-actin consistent with sustained lamellipodia-like activity (Sims et al. 2007) . Dynamic analysis of the outer edge of stable synapses also showed a pattern of circumferential waves of extension and contraction that were remarkably similar to lateral waves in fibroblasts and epithelial cells (Dobereiner et al. 2006; Sims et al. 2007 ). Speckle microscopy of GFP-actin in a model immunological synapse showed rapid centripetal flow that was moving 2.4-fold faster than the TCR microclusters (Kaizuka et al. 2007) . Rapid binding and dissociation of TCR microclusters from the centripetally moving F-actin was also supported by the ability of microclusters to run through nanofabricated mazes (DeMond et al. 2008) . Not only the TCR, but the LFA-1 ring is a highly dynamic system built from microclusters that undergo constant turnover (Kaizuka et al. 2007; Sims et al. 2007 ). The stability of the synapse seems not to be built by clamping adhesion per se, but by taking a highly dynamic motile system and balancing out its motile tendencies through symmetry. Thus, the highly sensitive lamellipodial module can be used in the motile kinapse and the stable synapse. Amoeboid locomotion uses a leading lamellipodium, a force integrating lamella and a contractile uropod for substrate sensing, traction, and disengagement (Jay et al. 1995; Gupton et al. 2005; Giannone et al. 2007) . The kinapse appears to be similarly constructed with relatively discrete zones defined by F-actin, talin, and myosin IIA enrichment (Sanchez-Madrid and del Pozo 1999; Smith et al. 2005; Morin et al. 2008) . The synapse formed on laterally mobile substrates such as planar bilayers displays a well-organized radial lamellipodium or dSMAC, an annular lamella or pSMAC, and, in the relative position of the uropod, a relatively F-actin free cSMAC. Although each of these modules has similarities between the kinapse and synapse, the imposition of radial symmetry and the functional specialization for secretion require modifications to each module.
The radially symmetric pSMAC has two important functions: stopping motility and containing materials directly secreted into the cSMAC. Stopping motility is the first critical function. The symmetry of the pSMAC can be modulated by intrinsic and extrinsic factors. Intrinsic factors include anergy, antagonism, and PKC-u activation. Self-tolerance is a critical function of the immune system. T cells can be made self tolerant through deletion of the clone bearing a certain TCR, in which case this TCR specificity is lost, or by making the clone of T cells nonresponsive under most conditions-a state called "anergy." Anergic T cells activate a gene expression profile that leads them to express an array of ubiquitin ligases that targets signaling machinery and destabilizes the synapse (Heissmeyer et al. 2004 ). Anergic T cells break symmetry of the pSMAC within 10 minutes of contact and do not reform them. The default process when TCR signaling is disrupted is for the cells to break symmetry and convert to a kinapse, as is also observed when antagonist peptide-MHC complexes kinetically poison TCR signaling (Sumen et al. 2004) . Protein kinase C-u is in the novel subgroup, meaning that it is activated by diacylglycerol, but is insensitive to Ca 2þ . It is the only PKC isoform that is specifically recruited to the immunological synapse (Monks et al. 1997; Monks et al. 1998 ). PKC-u deficient mice have a profound defect in T-cell activation because of deficits in NFkB activation via Carma-1 (Sun et al. 2000; Egawa et al. 2003; Lee et al. 2005) . Time lapse imaging of T-cell activation using naïve T cells from these mice and with wild-type T cells treated with PKC-u inhibitors revealed hyperstable immunological synapses (Sims et al. 2007 ). Analysis of Wiskott-Aldrich syndrome protein (WASp) deficient T cells revealed gross instability, which was converted to hyperstability by the PKC-u inhibitor. In naïve T cells responding to antigens for the first time, the activity or PKC-u induces symmetry breaking and kinapse formation, whereas WASp induced symmetry formation and synapse formation. This system is poised in wild-type T cells to induce cycles of synapse and kinapse formation with a periodicity of approximately 20 minutes (Sims et al. 2007 ). Our model is that PKC-u undermines the integrity of the pSMAC actin network to break the annular structure open to generate a kinapse, whereas WASp contributes to actin polymerization positioned to repair the annular network and restore symmetry and the synapse. Extrinsic signals that can contribute to symmetry breaking are delivered by dominant chemokines like CCR7 and CXCR3 Molon et al. 2005) , although this process has not been studied in detail. The concept that the pSMAC plays an important role in containing components that are released into the synapse has been tested directly by stabilizing pSMACs formed by CD4 þ cytolytic T cells with a PKC-u inhibitor, which increased killing efficiency by threefold (Beal et al. 2008) . Immune cells appear to have a unique ability among cellular systems to modulate lamellar symmetry to achieve fine control of migration and cell-cell communication.
The correspondence of the uropod and cSMAC is less clear because the cSMAC is neither rich in myosin II nor a site of de-adhesion. The cSMAC is a relatively F-actin free zone, but it is not clear what mechanisms enforce this. The paucity of F-actin is functionally important because this appears to promote TCR signal termination (TCR signaling is F-actin dependent) (Varma et al. 2006) , exclusion of LFA-1 (its interaction with ICAM-1 is F-actin dependent) (Kaizuka et al. 2007) , and the access of secretory vesicles to the plasma membrane for synaptically directed secretion (Stinchcombe et al. 2006) . How TCR clusters are moved into this F-actin free zone is not clear, but cSMAC formation appears to involve a fusion of structures that are initially jostling about in the center of the synapse (Varma et al. 2006 ). An important function of the cSMAC may be to sort different components from incoming TCR microclusters into distinct compartments. To be fully activated, a T cell needs to integrate both TCR and costimulatory signals. One type of costimulatory signal is delivered when CD28 on the surface of T cells interacts with CD80 or CD86 on the surface of the antigen-presenting cells. The level of expression of CD80 and CD86 on dendritic cells reflects the level of innate activation of the dendritic cells and thus serves to alert the immune system to microbial invasion, foreign bodies, and tissue injury. The CD28-CD80 complex has the same extracellular dimensions as the TCR-peptide -MHC complex, such that these pairs can and do comingle in the same microclusters (Springer 1990) . Although the variable affinity TCR-peptide -MHC interactions can become irreversible at the higher end of the affinity spectrum and need to be degraded, the fixed affinity CD28-CD80 interaction is tuned to be readily reversible and can be recycled. Recently, Yokosuka et al. have shown that stable TCR-peptide-MHC interactions are sorted from more dynamic CD28 -CD80 interaction to form two compartments within the cSMAC (Yokosuka et al. 2008) . The mechanism of this sorting process is currently not established, but my laboratory is currently working to test the hypothesis that endosomal sorting complexes required for transport (ESCRT) are required for this sorting and for cSMAC formation. Therefore, the cSMAC is likely the most unique module of the synapse configuration that has no counterpart in a kinapse. The combination of sorting, signaling, and secretion in this site suggest that this region combines several functional modules that have in common a need for relatively F-actin free access to the plasma membrane.
CONCLUSIONS
I have presented a reductionist view of this complex model system based largely on consideration of only a few adhesion systems used during T-cell function, which to some extent appears to provide a framework on which other molecules can be added. There are still
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Cite this article as Cold Spring Harb Perspect Biol 2009;1:a002873 many open issues in our understanding of the immunological synapse in the context of cell biology and immunology. Many of the findings I have described are based on surrogate antigen presenting cells and have simplified the system to better understand the T cell side of the synapse/kinapse equation, but it is clear that different types of antigen-presenting cells make profound contributions to the outcome and are far from passive (Boes et al. 2002; Al-Alwan et al. 2003; Brossard et al. 2005; Tseng et al. 2008) . Improved methods for highresolution imaging of T cells-APC conjugates will help to advance this cause (Oddos et al. 2008) . Improvements in intravital microscopy and fluorescent proteins may also enable better descriptions of in vivo immune synapses and kinapses. Despite these limitations, the concept of symmetry and kinapse/synapse interconversion appears to be useful in vivo in which both behaviors are readily observed in protective responses and immunopathology (Sims et al. 2007; Skokos et al. 2007; Kim et al. 2009 ). A major goal of this work is to predict immune-cell behavior toward development of immunotherapies. It is likely that this depth of understanding will advance discoveries in cell biology.
